INTRODUCTION
Sorghum grain hardness can be measured by different methods. Pomeranz (1986) used four indirect methodstime to grind by the Brabender microhardness tester, resistance to grinding by the Stenvert hardness tester (SHT), particle size index (PSI), and near-infrared reflectance a t 1680 nm of ground grain samples. He reported that the S H T method was useful for rapid and reliable differentiation of 65 sorghum samples having various textures and compositions. Kirleis et al. (1984) developed a method for measuring endosperm texture by quantitatively determining the corneous and floury areas of sectioned sorghum grains using a light microscope. Hallgren and Murty (1983) proposed a simple flotation technique for measuring grain vitreousness. A tangential abrasive dehulling device has also been used for measuring sorghum grain hardness (Lawton and Faubion, 1989) . Ali and Wills (1985) suggested that the time required to pearl 10% of grain could be used as an index of grain hardness. It is recognized that grain hardness is a difficult parameter to measure precisely by any one method (Kirleis and Crosby, 1982) . Several grain factors are known to contribute to overall grain hardness including grain size and shape, the thickness of the pericarp, the adherence of the pericarp to the endosperm (tackiness), and starch-protein interactions (Greenwell and Schofield, 1986) .
Most of the sorghum in the world is grown in the semiarid tropical regions under rainfed conditions. In these regions, often the local environmental conditions are conducive to weathering of sorghum grains, including the development of grain mold. Sorghum cultivars with resistance to grain mold therefore assume greater importance under such conditions. Rana e t al. (1977) reported that tan plant type having grains with lower water absorption capacity and higher grain hardness could contribute to mold-resietant cultivars. The association of flavan-4-01s with grain mold resistance in sorghum cultivars was reported (Jambunathan e t al., 1986 (Jambunathan e t al., ,1990 ; Jam-+ Submitted as -Aatick Na I307 by ICRISATbunathan and Kherdekar, 1991) . However, flavan-4-01s were not associated with mold resistance in sorghum grains having a white seed coat . The presence of high tannin in sorghum has been reported to be associated with grain mold resistance (Harris and Burns, 1973) . The presence of tannin in the seed (pigmented testa) is reported to be controlled by spreader gene (Hahn et al., 1984) . The concentration of ergosterol in sorghum grains will give a direct measure of the biomass of organisms that cause grain mold. Therefore, it is a useful and precise index to indicate the extent of mold attack on grains (Seitz et al., 1979; . T o the best of our knowledge, little is known about the hardness values of grains of mold-susceptible and mold-resistant sorghum cultivars grown in rainy and postrainy seasons. Our objective of the present study was to evaluate different methods to determine the hardnesu of sorghum grains and to study its interrelationship with grain mass, mold susceptibility, and mold resistance of different sorghum cultivars grown in three seasons.
EXPERIMENTAL PROCEDURES
Agronomy. Ten sorghum germplasm accessions and three breeding lines were grown during the 1988-1989 poetrainy and 1 9 8 9 and 1 9 9 0 rainy seasons on a Vertisol at the International Cropa Research Institute for the Semi-Arid Tropics (ICRISAT), Patancheru, India. They were planted in a randomized complete block design with threereplications. Other detail soft he planting plan and agronomy were as reported earlier (Jambunathan et al., 1990) except that sprinkler irrigation was not provided in the postrainy season. The developing sorghum panicles were tagged at 50';; flowering, harvested 14 dayuafter maturity, and threshed. Grains were stored at 4 O C before analysis.
Ergosterol. The concentration of ergosterol in sorghum grains was determined using a high-performance liquid chromatograph as described earlier .
Grain Hardness. Grains were equilibrated to a moisture content of 6.5 f 1.071 before hardneasdeterminatiorw were made. The hardness of a single sorghum grain was determined by two methods, each using 20 randomly selected grains from each replication: (1) An Instron food testing machine (Model 1140, High Wycombe, England) with a probe of 0.75-cm diameter was used to break the grain, and the breaking force wan recorded Based on phenotypic grain color, reaction to mold, and presence or absence of testa. Munsell color coding denotes the hue (first value), color (second value), and chroma (third value), respectively. Y, yellow; YR, yellow red. using a load cell of 50-kg capacity. The crosshead speed was set a t 80 mm min-', and the ratio of chart to crosshead movement was 2:l. The force (kilograms) required to break the grain was measured. (2) A manually operated Kiya hardness tester (Kiya SeisakushoLtd., Japan) with a har-type probe (0.5-cmdiameter) was used with a maximum permissible load of 20 kg for the determination of hardnessof asingle grain. The grinding resistance offered by 18 g of sorghum grains in a micro hammer-cutter mill (Stenvert hardness tester, Clencreston, Stanmore, England) to obtain a fixed volume of flour was measured in seconds (Pomeranz et el., 1985) .
Grain Mass and Density. One-hundred-grain mass of each of the field replications was determined after the grains were equilibrated to a constant moisture content. The same material wasused for the floaters test. The method of Hallgren and Murty (1983) was employed to determine the percentage of grains floating (percent floaters) in a sodium nitrate solution of specific gravity 1.315 g mL-'. All measurements (except ergosterol) were made in duplicate in each of the field replications, and mean values are reported.
RESULTS AND DISCUSSION
The grouping of sorghum germplasm accessions and breeding materials based on their phenotypic grain color (W or C), their reaction to grain mold (R or S), the presence or absence of testa (TC or T ) , their identification numbers, and the corresponding Munsell color codings (Munsell book of color, 1989) is given in Table I .
Data obtained for ergosterol, grain hardness by four methods, and 100-grain mass of sorghum samples that were grown in the postrainy seasor. 1988-1989 and rainy seasons 1989 and 1990 are shown in Tables 11,111 , and IV, respectively. We used the Waller-Duncan K ratio test (Shane et al., 1990) to determine if the mean values obtained by each method were significantly different from each other.
Postrainy Season 1988-1989. As most of the days during the postrainy season were dry, the conditions were not conducive to the development of grain mold, and this was reflected in theconcentration of ergosterol. Ergosterol was not detected in the three resistant groups (except in one of the accessions in the group CRTt), and the concentrations in the susceptible groups were also low (Table 11 ). The time taken to grind the samples by the Stenvert method varied from 6.37 to 11.98 s among the groups. The two resistant groups without testa ( C R T and W R T ) exhibited significantly higher values than the two susceptible groups ( C S T and WSTC) and the resistant group having the testa (CRTf). The data for percentage of floaters also followed a similar pattern as C R T and WRT groups hadsignificantly lower values than the CST-, WSTC, and CRT+ groups (Table 11) . However, the mean values obtained for the CRT-and WST+ groups by Kiya and Instron methods were not significantly different from each other. Kiya and Instron values were obtained on 20 individual grains of each sample. Sample size and the variability in values obtained on each grain could have contributed to the observed nonsignificant differences between the CRT and WST+ groups. The 100-grain mass of the WSTt group was significantly higher than that of other groups and was more than 2-fold higher than that of the CRT* and CRT-groups.
Rainy Seasons 1989 and 1990. Ergosterol concentrations in the mold-susceptible grains were significantly higher than that in the mold-resistant grains in both the rainy seasons 1989 and 1990 (Tables 111 and IV The Stenvert test dataon samples from the rainy seasons of 1990 (Tables 111 and IV) showed that grains of resistant groups took significantly longer to grind than those of the susceptiblegroups. However, it is noteworthy that in both seasons among the resistant groups grains of the W R T group took longer to grind and their values weresignificantly higher than thoseof theCRTC and C R Y groups. Similarly, among the susceptible groups, grains of the C S T group took longer to grind and their values were significantly higher than that of the WSTC group in both seasons.
Floaters (percentage) of the CST-and WSTt groups were 100 or close to 100 and were significantly higher than those of the three resistant groups CRT+, CRT ,and WRY (Tables 111 and IV) .
The force (kilograms) to break the grain using a Kiya instrument for the C S T and WST+ groups was significantly lower than those of the two resistant groups CRT and WRT-in both 1989 and 1990 rainy seasons (Tables  111 and IV) . Rana et al. (1977) reported a breakingstrength range from 2.7 to 8.7 kg for sorghum grains. They suggested that a breaking strength of more than 7 kg could be used as one of the criteria for the selection of sorghum cultivars chat could withstand grain deterioration in the rainy season. Our highest reportedvalue for Kiya hardness test was 4.37 kg for the CRT group in the rainy season 1990, which is well below their recommended value of 7 kg, though the C R Y group exhibited grain mold-resistant characteristics.
The measurements made by using the Instron test in the rainy season 1989 were similar to those of the Kiya test (Table 111) in that the values for C R T and W R T were significantly higher than those of C S T and WST+ groups. However, in the rainy season 1990 (Table IV) , the Instron value obtained for the WSTC group was not significantly different from those of any of the three resistant groups, CRTC, C R T , and WRY. In the rainy seasons of 1989 and 1990 , the values obtained in the Kiya and Instron tests for the CRT+ group were closer to those of the susceptible groups C S T and WSTC than to the resistant groups C R Y and WRY. It is also noteworthy that among the accessions belonging to the CRTt group, the data obtained for IS 9353 were similar to those for the grain mass data of both the rainy seasons of 1989 and 1990 accessions and breeding materials belonging to the two showed that the grains of the WSTt group exhibited the resistant groups C R T and WRY. Therefore, the grain highest mass. Grains' of the C R T group exhibited the quality characteristicsof accessions belonging to the CRT+ lowest mass in both the seasons (Tables 111 and IV) .
group need further investigation to explain the role of The data shown in Tablea 11-IV indicate that the testa and other factors in these measurementa. The 100-measurements in the p t r a i n y seaeon differed markedly Figure 6 . 100-Grain mass of mold-susceptible and mold-resistant sorghum acceeeione and breeding materials that were grown in poetrainy and rainy seasone. (Standard error valuee of less than 0.1 are not shown.) of the,two susceptible groups, C S T and WST+, than to that of the two resietant groups, C R T and W R T ( Figure  3 ). Kiya and Inetron valuee were higher for the poetrainy aamplee and similar for both the rainy eeasons for individual groupe (Figures 4 and 6) . The variability for 100-grain maw is shown in Figure 6 . Grain mold resistance in the groupa CRT+ and C R T could be explained on.the bask of m i a t i o n of flavan-4-018 in thew acceeeions (Jambunathan et al., 1990) . Another reason could be due to their relatively higher hardneea than those of the susceptible acceeeions. Floaters percentage value obtained for the C R Y group was 2-fold or higher than that of the CRT-group in all three seasons. Mold resistance therefore could possibly be explained on the basis of the preeence of tannin in the CRT+ group. However, the mold-reeietant nature of breeding materials belonging to the W R T group cannot be attributed to the association of flavan-4-ohor tannin ae they are not detected in these samples . However, these grains have exhibited significantly higher hardnese values, even higher than those of the accessions belonging to the CRTt and C R T groups. Therefore, it would be reasonable to conclude that thegrain mold-resistant nature in the breeding materials belonging to the W R T group (white sorghum, resistant to mold, without the testa) is due to the associated grain hardness in these materials. This would indicate another mechanism for explaining the grain mold resistance in sorghum cultivare.
We obtained further evidence recently in support of this hypothesis from the hardnesa data obtained on many landraces that were collected from Orisea, India. All of the acce~ions were of white grain type and relatively mold free through the rainy season in Orissa, and their hardness values (SHT) were either equal to or higher than those obtained for the W R Y group reported here (unpublished data). We have also obtained additional data, though preliminary in nature, that could support the hypothesis that grain hardness is related to the incidence of sorghum grain mold. We grew the germplaam acceseion IS 402 in a pot in a glase house during the rainy eeason of 1988, and grains were analyzed for ergosterol and hardnese. The following values were obtained: ergoeterol, 1.9 pg gl; Stenvert time, 11.65 8; floaters, 83%; Kiya force, 6.02 kg; Instron force, 3.43 kg; 100-grain maas, 3.10 g. Data obtained for IS 402 indicated that the hardness valuea obtained would make it suitable to be included along with the three resistant groups. Therefore, environmental and genotypic interactions in the field would play an important role in these observations. In the case of IS 402, the incidence of grain mold could have changed the grain structure to make it softer than in the caee of resietant type.
Correlationr. The correlation coefficienta obtained among the four methode and 100-grain maw for the data obtained in the 1988-1989 postrainy and 1989 and 1990 rainy seaeons are shown in Table V . All but two of the correlation coefficients were eignificant for the measure-mente reported. Among them, all except three showed significanceat the 1 % probability level. Pomeranz (1986) reported no significant correlation between PSI and Brabender microhardness tester methods and between PSI and near-infrared reflectance of ground sample when they were used for indirect determination of sorghum grain hardness. However, Pomeranz 11986) observed the highest correlation between the near-infrared reflectance method and Stenvert hardness tester and concluded that the Stenvert hardness tester method was useful for rapid and reliable differentiation among 65 sorghum samples differing widely in texture and composition. Another important factor is the environment and genotypic interactions and their effect .on these values. It may be seen that ergosterol concentration was significantly and negatively correlated with Stenvert data in both of the rainy seasons ( Table V) . This clearly shows the association of grain hardness with mold resistance. The Stenvert method is rapid and easy to perform and represents the values obtained on a relatively larger sample size among the four methods that were used in our study. Therefore, we would consider it the best among the four methods tested and agree with the observation of Pomeranz (1986) The validity and robustness of the relationships described above have to be tested further in a breeding program engaged in developing mold-resistant genotypes.
Conclusions. Ergosterol concentration and hardness
data obtained on mold-resistant and mold-susceptible accessions and breeding materials that were grown in the postrainy and rainy seasons shw-~ed that grain hardness is associated with grain mold resistance. During the postrainy season, the mold damage was minimal due to the local semiarid environmental conditions. The ergosterol concentration was therefore negligible and the corresponding hardness values were higher than those for the rainy season. The grain hardness values were significantly and negatively related to the ergosterol concentration and therefore can be used as an indicator of grain mold resistance. This is in addition to the earlier observation that flavan-4-01s are associated with grain mold resistance. Data obtained for one postrainy and two rainy seasons for Stenvert, floaters, and Instron methods and grain mass were significantly correlated with each other. These observations would help in making progress in breeding sorghum for grain mold resistance in the semiarid tropical regions where this disease seriously affects the productivity of sorghum.
